IMPORTANCE Disease severity of childhood Charcot-Marie-Tooth disease (CMT) has not been extensively characterized, either within or between types of CMT to date.
C haracterizing the variability of disease severity within and between types of Charcot-Marie-Tooth disease (CMT) is important to increase knowledge of genotypephenotype associations and improve our understanding of the prognosis of this disorder. Charcot-Marie-Tooth disease is the most common inherited neuropathy, with an estimated prevalence of 1 in 2500. 1 Next-generation sequencing has resulted in a rapid expansion of gene discovery in CMT, with more than 80 genes identified and many more still to be discovered. 2 Charcot-Marie-Tooth disease is often characterized by distal weakness, foot deformity, sensory loss, areflexia, and difficulties with gait 2, 3 ; however, the frequency of these disease manifestations and the variability within and between types of CMT are poorly understood. While the prevalence of each type of CMT is becoming clearer, less is known about the clinical characteristics of each of these genetic types in childhood.
Charcot-Marie-Tooth disease type 1A (CMT1A) is the most common form of CMT, accounting for approximately 60% of those with a genetic diagnosis. 4 Although CMT1A has been reported to be slower in progression compared with other forms of CMT, and most participants remain ambulatory through their lifetime, variability exists in the severity and rate of progression. 4 Charcot-Marie-Tooth disease types X1 and CMT2A are generally the next most common forms 4, 5 ; however, some geographic variability exists.
Although disease severity of some of the rarer forms of CMT has been described, to our knowledge, no study has directly compared CMT types in childhood. 4, [6] [7] [8] The development of the Charcot-Marie-Tooth Disease Pediatric Scale (CMTPedS) has provided the opportunity to compare types of CMT objectively and reliably in children and young adults across multiple centers. 3 The CMTPedS was developed through the Inherited Neuropathies Consortium, which is a member of the National Institutes of Health Rare Disease Clinical Research Network (http://www.rarediseasesnetwork.org/). The Inherited Neuropathies Consortium was established to conduct international collaborative research and natural history studies on adults and children with CMT. The CMTPedS is a linearly weighted and responsive clinical outcome measure to assess disease severity, and includes measures of hand dexterity, strength, sensation, gait, balance, power, and endurance. It provides an overall age-adjusted disability score allowing comparison within and between participants with different CMT types. The aim of this study was to characterize the range of disease severity both within and between children and adolescents with different CMT types enrolled in the Inherited Neuropathies Consortium.
Methods
A total of 520 children and adolescents aged 3 to 20 years were enrolled across 8 sites in the Inherited Neuropathies Consortium between August 6, 2009 
Demographic and Physical Characteristics
Information on demographics, clinical features, and genetic diagnosis was collected from all participants. Demographic information included sex, age, height, weight, and body mass index percentile. A diagnosis of CMT was made using clinical features, nerve conduction studies, family history, and genetic testing. Self-reported symptoms of foot pain, leg cramps, unsteady ankles, daily trips and falls, hand pain, hand weakness, hand tremor, and sensory symptoms, including tingling, numbness, or burning, were obtained from all participants. Symptoms were reported as being present or absent. Foot deformity was assessed using the validated Foot Posture Index 9 and ankle flexibility was assessed using the highly reliable weight-bearing lunge test. 10 The angle was measured using a digital inclinometer.
Disease Severity
The CMTPedS was performed on all children and adolescents by trained evaluators at each site. The CMTPedS measures hand dexterity (functional dexterity test and 9-hole peg test), strength (hand grip and ankle plantarflexion and dorsiflexion), sensation of the lower limbs (pinprick and vibration), gait (difficulty with heel walking, difficulty with toe walking, and presence of foot drop), balance (Bruininks-Oseretsky Test of Motor Proficiency, 2nd Ed), 11 and function (long jump and 6-minute walk test). 3 All items were assessed and raw scores compared with age-and sex-matched normative reference values to obtain a z score. The z scores were then converted to CMTPedS category scores ranging from 0 (unaffected) to 4 (severely affected). A category score of 0 indicates a z score within 1 SD from the normative reference value mean. A category score of 1, 2, or 3 represents a z score of 1 to 2, 2 to 3, or 3 to 4 SDs below normal, respectively. A score of 4 represents more than 4 SDs below normal. Participants unable to perform an item owing to disease severity received a score of 4. Participants unable to perform an item for other reasons (eg, acute injury, recent surgery, behavioral issues) were not scored and a total score was not calculated. The 11-item category scores were summed to obtain a disease severity score out of 44, with 0 being unaffected and 44 being severely affected.
Statistical Analysis
Data analysis was conducted from August 1, 2014, to December 1, 2015, using SPSS, version 22.0 (IBM Corp). All data were assessed for normality and the appropriate parametric or nonparametric test subsequently used. Frequency of CMT types and self-reported symptoms were calculated as percentages. A 1-sample t test was used to compare foot alignment between participants with CMT and normative reference values for unaffected children and adolescents. 12 A 2 × 17 × 5-way (sex × age
[years] × CMT type [1A, 1B, 2A, 4C, X1]) analysis of variance was performed to evaluate differences in CMTPedS total scores as well as individual item z scores. Significant interactions were examined with Tukey post hoc tests. A bivariate correlation matrix was conducted to determine the influence of age, height, weight, body mass index percentile, symptoms, foot alignment, and ankle flexibility on CMTPedS total scores. Significantly correlated items were entered into a stepwise multiple regression model that was reduced to the most parsimonious model to determine if the CMTPedS total score could be explained by these factors. Only 1 factor from highly correlated variables (eg, height, weight, body mass index percentile) was included to avoid multicolinearity. Standardized β weights were calculated. An α level of .05 was used for statistical significance.
Results
This study included 520 children and adolescents (274 males) aged 3 to 20 years ( Table 1 ). A total of 474 children and adolescents were able to complete all 11 items of the CMTPedS to obtain a total disease severity score. The mean (SD) CMTPedS total score for the entire sample was 21.5 (8.9) (range, 1-44). The most affected items were dorsiflexion strength of the ankle and functional dexterity test of the hand with, respectively, 408 (82.3%) and 288 (56.5%) cases more than 3 SDs below normal (eFigure 2 in the Supplement). Analysis of variance indicated a significant interaction between age and CMT type on the CMTPedS score (F 33,245 = 1.836, P = .005) whereby the CMTPedS score worsened with age (F 17,245 = 2.334, P = .003). Scores on the CMTPedS tended to worsen principally during childhood (ages, 3-10 years) for participants with CMT4C and CMTX1 and predominantly during adolescence for those with CMT1B and CMT2A (ages, 11-20 years), while CMT1A worsened consistently throughout childhood and adolescence ( Figure 1) .
Type of CMT also significantly influenced the CMTPedS score (F 4,245 = 17.582, P < .001) (Figure 2) . Participants with CMT1A and CMTX1 demonstrated a significantly better CMTPedS score than did those with CMT1B (P ≤ .02), CMT2A (P < .001), and CMT4C (P < .001), while participants with CMT1A had a significantly worse CMTPedS score than did those with CMTX1 (7 males and 3 females) (P = .02). Participants with CMT1B exhibited significantly better CMTPedS scores than did those with CMT2A (P = .02) and CMT4C (P = .03). There was no significant effect for sex for any CMT type (P = .77). Males with CMTX1 (mean [SD] CMTPedS total score, 15.3 [7.7] ) were marginally more affected than females (13.0 [3.6]); however, this finding was not significant (P = .65).
For individual CMTPedS item z scores, there was a significant effect for age (P < .05), whereby increasing age produced a worse score for each item. There was also a significant effect for sex on the 9-hole peg test (F 1,258 = 10.856, P = .001), whereby females performed slower than males. No other items had a significant effect for sex (P > .05). Type of CMT had a significant effect on all CMTPedS item z scores (P < .05) (Figure 3) . For the functional dexterity test, participants with CMT4C were significantly slower than those with all other CMT types (P < .001). For the 9-hole peg test, participants with CMT1A were significantly faster than those with CMT1B, CMT2A, and CMT4C (P < .05), while participants with CMTX1 were significantly faster than those with all other types (P < .05). Participants with CMT2A demonstrated significantly weaker grip strength than did those with CMT1A, CMT1B, and CMTX1 (P < .05) and participants with CMTX1 were significantly stronger than those with all other types (P < .05). Participants with CMT2A and CMT4C had significantly weaker ankle plantarflexion and dorsiflexion strength than did those with CMT1A and CMTX1 (P < .05), as well as reduced long jump and 6-minute walk test distances. Participants with CMT2A had significantly worse scores for ankle strength, long jump, and 6-minute walk test distance than did those with CMT1B (P < .05). Participants with CMT1A and CMTX1 had significantly better balance than did participants with CMT1B, CMT2A, and CMT4C (P < .05). Significant correlations with the CMTPedS score were identified for age, height, weight, body mass index percentile, foot pain, unsteady ankles, leg cramps, hand weakness, hand tremor, and sensory symptoms ( Table 2) . Multiple regression modeling identified increasing age (r = 0.356, β = 0.617; P < .001) height (r = 0.251, β = 0.309; P = .002), selfreported foot pain (r = 0.162, β = 0.114; P = .009), and selfreported hand weakness (r = 0.243, β = 0.203; P < .001) as independent predictors of disease severity, explaining 21% of the variance in CMTPedS total score (r 2 = 0.210).
Discussion
This sample of 520 children and young adults with CMT is the largest reported to date and shows the phenotypic variability within CMT genotypes and mutation-specific manifestations between types. Disease severity, measured by the well-validated CMTPedS, ranged from 1 to 44 and represents almost the entire spectrum of the scale. Scores for the 5 most prevalent genotypes differed significantly. For instance, the most common type, CMT1A, demonstrated a mean (SD) CMTPedS score of 19 (8), while participants with CMT2A exhibited a markedly higher mean score of 30 (7) and those with CMTX1 had a lower mean score of 15 (7). This study has identified distinct functional limitations and self-reported impairments. For example, participants with CMT2A were significantly weaker for all strength measures, and those with CMT4C performed significantly worse for both hand dexterity measures. Compared with previous studies exploring the heterogeneity of CMT severity, 3,13 our larger cohort described in this study comprises more than 10 participants for most types, which provides the opportunity to examine phenotypic differences between genotypes. When evaluating CMTPedS scores, children with CMT1A and CMTX1 were less severely affected than those with CMT1B, CMT2A, and CMT4C. CharcotMarie-Tooth disease type 2A, specifically caused by MFN2 (OMIM 608507) mutations, has been reported as a more severe phenotype 6 than other CMT2 types; however, it was not compared with CMT1, CMT4, or CMTX. Charcot-Marie-Tooth disease type 4C was recently reported to have a variable phenotype in a study of 10 siblings 7 ; however, its severity has not been previously compared with other CMT types. Our find- Values are given as mean (95% CI). a Significantly different from CMTX1 (P < .05).
b Significantly different from CMT1A (P < .05).
c Significantly different from CMT2A (P < .05). [7.7] ), and we identified hand dexterity as a major limitation for children and adolescents with CMT4C. Participants with CMT4C also exhibited significantly reduced sensation compared with those with CMT1A (P < .001). Although sensation was only measured by vibration and pinprick in the lower limbs in this study, reduced sensation may be globally limiting hand dexterity in these participants. Variability has also been reported within other CMT types. 4, 8 For instance, in CMT1B, different MPZ (OMIM 159440) mutations may cause different disease severity. 8 The reason for the variability is not well understood. A recent study reported that participants with CMT had more rare variants in neuropathy-associated genes compared with unaffected participants and hence suggested that mutation burden in participants with neuropathy may contribute to the phenotypic variability. 5 Further studies following our cohort longitudinally will investigate if the disease progression within different types of CMT is also variable. In our cohort, the 7 males with CMTX1 were marginally more affected than the 3 females with CMTX1, although this difference was not significant. It has previously been reported that males with CMTX1 demonstrate a milder phenotype during the first 2 decades of life, with increasing severity later in life. 4, 14 Our findings also suggest that the CMTPedS scores change more rapidly in childhood vs adolescence in participants with CMTX1. Natural history studies into adulthood are required to clarify the severity and progression of CMTX1 in males vs females. Charcot-Marie-Tooth disease is classically described as length dependent, with lower limb manifestations preceding involvement of the upper limbs. 15 The finding of height as an independent predictor of disease severity supports the lengthdependency theory. Our study indicates that ankle dorsiflexion strength and functional hand dexterity are the most affected items on the CMTPedS, suggesting that both upper limb and lower limb manifestations are present from an early age across all CMT types. This finding confirms a previous report that upper limb impairment can be identified in children as young as 3 years with CMT1A. 16 In addition, the significant differences between CMT types for scores of tests of the upper limbs indicate that some forms may have greater hand impairment. Specifically, children with CMT4C performed much worse on the functional dexterity test than did those with all other types of CMT. Children with CMT1B, CMT2A, and CMT4C performed worse on the 9-hole peg test compared with those with CMT1A, suggesting that hand and finger dexterity are more significantly affected in participants with these types. This study is not without limitations. First, the small number of participants with rarer types of CMT (eTable 1 in the Supplement) prevented a comprehensive comparison between all types of CMT. Second, this cross-sectional analysis provides only a single time point for the CMTPedS score, which limits an understanding of the responsiveness of this outcome measure in children and adolescents with CMT.
Research Original Investigation
However, cross-sectional studies are useful in that they can give some prediction for longitudinal data when one correlates types, as in this case, with age. Figure 1 shows that CMTPedS scores seem to change more rapidly in childhood for those with CMT4C and CMTX1 and more rapidly during adolescence for those with CMT1B and CMT2A, while a consistent progression was observed in participants with CMT1A. Indeed, multiple regression modeling indicated that older age as well as increasing height and self-reported foot pain and hand weakness best predicted the CMTPedS total score. Interventions addressing foot pain and hand weakness at an early age may be appropriate therapeutic targets to reduce disease severity. Although, with only 21% of the variance in the 
Conclusions
This study provides a comprehensive phenotypic characterization of CMT both within and between CMT types seen in childhood. Phenotypic variability within CMT genotypes and mutation-specific manifestations between types were identified. Participants with CMT1B, CMT2A, and CMT4C were more severely affected than those with CMT1A and CMTX1. The most affected aspects of disease severity were ankle dorsiflexion strength and hand dexterity. Our study highlights that significant impairment is present from the earliest stages of the disease, even in participants with the milder CMT1A and CMTX1 forms. Therefore, any disease-modifying therapies that aim to slow or halt progression of CMT should ideally be implemented during childhood. These therapies may have limited benefits once significant axonal degeneration has occurred in older populations. Understanding these genotypephenotype correlations will assist with accurately targeting future therapeutic trials in children and adults with CMT. 
